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Long-term  Research  Goal 

nr,v„rcDeVeITent  of  a  mol®cular  understanding  of  (a)  the  control  exerted  by  a  molecular 

materiai  and  ® the 

S&T  Objectives 

chalcogenidcs1°nStrate  molecular  con,rol  for  M°CVD  grow(h  of  gallium  and  indium 
to  sennLteoSace ”°leCUlar  m0dd  aPPr°aCh  “ ,he  predic,ion  of  suitable  groups 

electron^c^opeiti^of  swidconductor  nano-^ticl^rd*nad0n  ChemiS''7 10  ,he  *» 

Approach 

We  have  chosen  to  perform  our  research  using  a  combination  of  traditional 
organometallic  chemistry  and  materials  science.  We  are  attempting  to  exploit  the  chemical 
control  allowed  by  synthetic  chemistry  towards  the  control 

8“'V,h  °f  8aWUra  “d  ““  chalco|e„°Ki„Frp“an’P,e' 

S&T  Completed 

Volatii;ty  tre”ds  are  established  for  a  series  of  organometallic  molecular  solids  with  a 

Et2MeC8eo0rEet3C  and  E-f^orT^  w )U>  R  =  Me3C  (‘Bu)’  EtMe2C, 

or  a?d  b~s’  Se>  or  Te.  While  the  temperature  of  volatilization  T™  defined  as  20 

J..Tas  los®  frorn  thermogravimetric  analysis,  was  found  to  generally  increase  in2a  linear  fashion 
?n^ZT  ]increasinS  molecular  mass,  perturbations  were  observed  that  can  be  attributed  to 
in  ermolecular  ligand  interactions.  Sublimation  enthalpies  (AHsub)  for  each  cubane  were 
calculated  from  thermogravimetric  data,  which  show  that  the  dependence  of  AH Z  on Ac  decree 

Therc1HhUif  r  thC  h  k)wlgind  appears  t0  be  more  substantial  than  molecular  mass  effects  alone 

““O"5  aUty>  substituents  are  estimated  to  account  ?or 

more  than  60  %  of  the  AHsub  m  the  organometallic  cubane  system,  [(R)Ga(uvE)l4  Calculations 

4  U  mol-^rUeZhC%hyMrge';  "?  pre“nt  ta  f ch  ^  Y-Ws  an^pZfile  v  u  f  c" 
te  c^culatrf  fS  eaS' f eracaons-  UsJn*  the  TOA  sublimation  data  vapor  pressures  may 
oe  calculated  tor  each  of  the  cubane  compounds  over  a  wide  range  of  temperatures  All  new  y 

[® UCbOafu cf)b1®?CK3Z2‘uby<!«S'  N^tRrt.SdrTG®T' 1116  ®°>«uhr  structures  of 
crystallography.  2’  [(Et3C)Ga(p3"S)l4’  and  [(Et3C)Ga(p3-Se)]4  have  been  determined  by  X-ray 

r_,  The  gallium-chalcogen-heterocubanes  [Cp*Ga(uvE)l4  E  =  Sfl'l  Se  (2\  flnH 

i  S  S)  andSRGla>’ bave  n by  dehalosilylation  reactions  better  E(SiMe3)2  (E 
aJdvis^  Cp  (C,5Me5)  and  Cpt  (C5Me4Et),  and  are  characterized  by  elemental 

analyses,  NMR  spectroscopy,  and  mass  spectrometry.  The  structure  of  compound  2  was 

determined  by  X-ray  diffraction.  The  use  of  compounds  1  and  2  as  single  source  MOCVD 

dSP°HSnr  the  l0W  tempfature  grow*  of  Ga2E3  films  at  290  -  310g°C  is  described  The  as- 
deposited  films  were  amorphous,  however,  upon  thermal  annealing  (500  °C)  the  films 
crystallized  to  the  thermodynamic  cubic  phases.  The  corresponding  tellurium  analog 
decomposed  in  the  solid  state  at  220  °C  forming  a  gallium  rich  product.  § 

Gallium  selemde  (GaSe)  thin  films  have  been  grown  at  325  -  370  °C  bv  atmosnherie 
pressure  metal-organic  chemical  vapor  deposition  (AP-MOCVD)  using  the  single  ca,,L 
precursors  [(R)Ga(p3-Se)]4  (R  =  CMe3,  CEtMe2,  and  0^1 iSSSfrf 

nrain-11  kllur?de !  from  [(R)Ga(p3-Te)]4  is  accomplished  at  285  -  310  °C  by  low  pressure  metal 
organic  chemical  vapor  deposition  (LP-MOCVD).  Characterization  of  the  fCs  bv  Auger 
electron  spectroscopy  (AES),  Rutherford  backscattering  (RBS),  and  wavelength  dLperfive 
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spectroscopy  (WDS)  microprobe  analysis  shows  all  the  films  to  have  Ga:E  (E  =  Se,  Te) 
compositions  of  1:1  with  a  low  degree  of  impurities  (C  <  2  %;  O  <  0.1  %).  From  X-ray 
diffraction  (XRD)  and  transmission  electron  microscopy  (TEM)  the  GaSe  and  GaTe  films  were 
found  to  be  polycrystalline  hexagonal  layered  GaE  structures,  with  a  preferred  c-axis  orientation 
independent  of  substrate.  For  GaSe  this  represents  the  thermodynamically  stable  phase,  while 
hexagonal-GaTe  is  a  metastable  phase  that  converts  to  the  thermodynamic  monoclinic  form  on 
annealing  at  500  °C.  Diffraction  results  yield  appropriate  lattice  parameters  of  a  =  4.1  A  (TEM) 
and  c  =  16.38  A  (XRD)  for  hexagonal  GaTe.  Crystallite  and  particle  size  measurements  reveal 
that  the  as-deposited  films  consist  of  oriented  ca.  10  nm  crystalline  particles.  The  formation  of 
these  hexagonal  layered  structures  is  proposed  to  occur  as  a  consequence  of  the  fragmentation  of 
the  cubane’s  Ga4E4  core  during  deposition,  and  the  formation  of  trimeric  "Ga3E3"  building 
blocks. 

The  reaction  of  Ga(tBu)3  with  1  molar  equivalent  of  a  carboxylic  acid  yields  the 
carboxylate  bridged  dimeric  compounds,  [(tBu)2Ga(p-02CR)]2,  where  R  =  Ph  (3),  C6H4-3-CN 
(4),  and  C6H4-3-Br  (5),  respectively.  Similarly,  reaction  of  Ga(lBu)3  with  HSPh  yields  the 
thiolate  bridged  compound,  [(tBu)2Ga(p-SPh)]2  (6).  The  molecular  structures  of  compounds  3, 4, 
and  6  have  been  determined  by  X-ray  crystallography.  The  Ga-Ga  and  Ga-ligand  inter-atomic 
distances  for  these  compounds,  as  well  as  group  15  and  16  donor  bridging  ligands,  are  compared 
to  the  values  for  the  surface  of  GaAs  and  cubic-GaS  in  order  to  determine  their  suitability  as 
linkage  groups  for  self-assembled  monolayers. 

Gallium  and  indium  selenide  nanoparticles  have  been  grown  during  metal  organic 
chemical  vapor  deposition  (MOCVD)  of  films  from  the  single  source  precursors  [(lBu)GaSe]4 
and  [(EtMe2C)InSe]4,  respectively.  Vapor  phase  decomposition  of  the  precursors  leads  to 
thermodynamic  phase  formation  as  well  as  particle  formation. 

A  range  of  In-Se  bond  forming  reactions  have  been  investigated,  including:  insertion  of 
selenium  into  either  an  In-C  or  In-S  bond,  reaction  of  an  indium  halide  with  a  magnesium 
selenolate,  and  via  chlorosilane  elimination.  The  reaction  of  In(lBu)3  with  Se  yields  [(tBu)2In(ix- 
SetBu)]2  (9)  and  [(tBu)In((43-Se)]4  (10).  In  contrast,  the  reaction  of  In(CMe2Et)3  (7)  and 
In(nBu)3  with  Se  preferentially  forms  [(Me2EtC)In(p3-Se)]4  (11)  and  [(nBu)In(p3-Se)]4  (12), 
respectively.  The  reaction  of  compound  7  with  Te  yields  [(Me2EtC)In(n3-Te)]4  (13).  Compound 
10  is  also  formed  from  the  reaction  of  [(tBu)2In(|x-StBu)]2  with  either  Se  or  Se=PPh3,  while  both 
compounds  9  and  10  may  be  prepared  from  the  reaction  of  [(tBu)2In(p-Cl)]n  with  (®uSe)MgCl 
Similarly,  [(nBu)2In(p-SetBu)]2  (14)  may  be  prepared  from  [(nBu)2In(|x-Cl)]2.  However,  reaction 
of  [(Me2EtC)2In(|x-Cl)]2  with  (tBuE)MgCl  (E  =  S,  Se,  Te)  yields  [(Me2EtC)In(p3-S)]4  (15) 
compound  11,  and  compound  13,  respectively.  Reaction  of  [CBu^Mfu-ClXIn  (M  =  In,  Ga)  with 
Se(SiMe3)2  yields  the  silyl  selenolate  compounds,  [(lBu)2M(p-SeSiMe3)]2,  M  =  In  (16)  and  Ga 
(17).  The  various  In-Se  bond  forming  reactions  are  compared.  The  molecular  structures  of 
compound  9  and  [(tBu)2In(|x-StBu)]2  have  been  determined  by  X-ray  crystallography. 

The  solid  state  structure  of  di-te/Y-butyl  indium  chloride,  [(tBu)2In(p,-Cl)],  has  been 
determined  by  X-ray  diffraction,  and  consists  of  polymeric  [-In-Cl-]oo  chains  arranged  in  an 
unusual  saw-tooth  pattern  motif.  The  indium  atom  is  in  a  severely  distorted  coordination 
environment  approximated  as  a  capped  trigonal  planar  geometry.  The  structure  of  r(tBu)?In(u- 

Cl)]oo  is  compared  to  [(Me^In^-COJoo. 

Indium  selenide  (InSe)  thin  films  have  been  grown  at  230  -  420  °C  by  low  pressure 
metal-organic  chemical  vapor  deposition  (MOCVD)  using  the  single  source  precursors 
[(tBu)2In(jx-SetBu)]2  and  [(Me2EtC)In(|i3-Se)]4.  Characterization  of  the  films  by  energy 
dispersive  X-ray  analysis  (EDX)  showed  those  grown  from  [(tBu)2In(|ii-SetBu)]2  to  be  indium 
rich,  while  those  grown  from  [(Me2EtC)In(|i3-Se)]4  are  stoichiometric  InSe.  Transmission 
electron  microscopy  (TEM)  indicates  that  the  film  morphology  and  crystallinity  are  highly 
dependent  on  the  precursor  and  the  deposition  temperature.  At  low  temperatures  <  330  °C  ball¬ 
like  morphologies  are  observed,  while  deposition  at  350  -  370  °C  results  in  highly  crystalline 
textured  films.  Use  of  [(tBu)In(p,3-Se)]4  as  the  precursor  at  320  -  420  °C  results  in  indium  metal 
films.  The  relationship  between  the  precursor's  structure  and  the  film's  morphology  and  chemical 
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tn&  1dlscus.s®d- The  efficacy  °f  the  single  source  precursor  approach  is  considered 
with  respect  to  elemental  composition,  phase  formation,  and  film  morphology. 

nnncnoi  if  rei?Ct101?  °/  with  Phenylphosphonic  acid  results  in  the  formation  of  the 

un^phoqdio^  bridged  dimer,  [(tBu)2Ga{p-02P(Ph)0Ga(tBu)2}]2,  whose  molecular 
rJtaw^  consists  ^o  four-coorciinate  and  two  three-coordinate  gallium  centers.  While 
[( Bu)2Ga{p-02P(Ph)0Ga(tBu)2}]2  exists  as  the  trans  isomer  in  the  solid  state,  it  undergoes  a 
trans  to  cis  isomerization  in  solution,  AH  =  7  ±1  kJ.moH  and  AS  =  25  ±4  J.moH.K'l 

urf  hllJ,hLnaCti°?t?f  [(tBu)2Ga(p-Cl)]2  with  1  molar  equivalent  of  Na(S2CNR2)  yields  the  di- 
? l  u1?  dlth!?carbfmaie  compounds  (tBu)2Ga(S2CNR2),  R  =  Me  (18)Et  (20),  "Pr 
v  fin  f y  gallium  6«-dithiocarbamate  compounds,  (‘Bu)Ga(S2CNR2)2,  R  =  Me  (19) 
f 6  f0n^Cd  as™nor  Products.  Separation  of  (tBu)2Ga(S2CNR2)  from 
o  2iCNR2umay  be  read,ly  accomplished  by  sublimation  of  the  former.  Compounds  18 
and  20  are  low  melting  point  solids  allowing  their  ready  use  as  liquid  precursors  for  MOCVD. 

he  vaporization  enthalpies  (AHV)  have  been  determined,  by  thermogravimetric  methods  for 
compounds  18, 20, 22,  (nBu)2Ga(S2CNMe2)  (24)  and  (secBu)2Ga(S2CNMe2)  (25),  and  are 
dependent  on  both  the  identity  of  the  substituents  on  gallium  and  the  dithiocarbamate  ligand.  An 
mvcrse  relaucnship  is  observed  between  the  AHV  and  the  extent  of  branching  of  the  gallium 
alkyl.  The  molecular  structures  of  compounds  18  and  20  have  been  determined  by  X-ray 
crystallography.  Gallium  sulfide  (GaS)  thin  films  have  been  grown  at  375  -  425  °C  by 
atmospheric  pressure  metal-organic  chemical  vapor  deposition  (AP-MOCVD)  using  compound 
18  Characterization  of  the  films  by  wavelength  dispersive  spectroscopy  (WDS)  microprobe 
analysis  shows  the  films  to  have  Ga:S  compositions  of  1:1  with  a  low  degree  of  impurities  (C  <  3 
/o,  u  <  1  /o)  Gallium  rich  films  were  grown  from  compound  3  using  AP-MOCVD  and  from 

3°rd  deriedu5d  preSaUrf- XPS  studies  ofthe  GaS  films  additionally  show  an 
Kv ST  of  N  on  the  surface,  which  has  been  confirmed  to  be  present  throughout  the  thin  film 
frFMfthrr'?QnmentS‘  Fr?m  X-ray  diffraction  (XRD)  and  transmission  electron  microscopy 
-6 195A)GaS  ^  mS  Were  f°und  t0  be  a  new  distorted  hexagonal  wurtzite  phase  {a  =  4.590  A,  c 

l.  ,Jhe  modular  structures  of  (tBu)Ga(S2CNnPr2)2  (19)  and  (iPiO)Ga(S2CNEt2)2  (26)  have 
been  detemnned  The  variation  in  the  geometries  observed  for  hw-dithiocarbamate  compounds  of 
ga  ium,  (X)Ga(S2CNMe2)2  (X  -  Cl,  ‘PrO,  £Bu)  do  not  lie  along  the  Berry  pseudo-rotation 
pathway  for  the  square-based  pyramid  to  trigonal  bipyramid  geometrical  transition.  Instead,  the 

ps“on 

The  te rt-butyl  substituted  compounds  of  gallium  have  been  synthesized  and 
charactenzed:  [(  Bu)2GaUA-OCH(CF3)2 } ]2  (27),  [(tBu)2Ga(p-02CEt)]2  (28),  [(lBu)2Ga(p- 

farnrSMwS1  (30)’  t(tBu)2Ga { p-OC(Me)NPh }  ]2  (31), 

(  Bu)3Ga[OP(Ph)2NH(nPr)]  (33),  (tBu)2Ga[ON(H)C(0)Phl  (34) 
l£B$A?v  (tBu)2Ga(p-Cl)2Li(HO»Pr)2  (36),  and  1  W  ( ^  J  (  X 

[Li(HO  Pr)4][(  Bu)2GaCl2]  (37).  X-ray  crystallographic  characterization  was  obtained  for 
f°™P°,Undf  27 ' 32  and  3*  '  37 •  Compounds  36  and  37  exhibit  three  dimensional  hydrogen 

Wf1CTh  W?1®?0?  of  the  °’H-C1  hydr°8en  bond  is  proposed  to  be  due  to 
WnH?  d  JS**3'  °f  aIcoho1/  bonded  t0  *0  Lewis  acidic  lithium  ions.  A  discussion  of  the 
dependence  of  the  puckenng  of  the  chair-like  conformation  in  eight-membered  cyclic 
compounds  of  the  Group  13  metals  is  presented. 

^iPrtrrmTiffVap,?r  phaaf  stru<rturers  Al(lBu)3  and  Ga(lBu)3  have  been  investigated  by  gas  phase 
dlffraction  and  consist  of  planar  three-coordinate  monomers.  Salient  structural § 
parameters  (ra)  include:  Al-C  =  2.005(3)  A,  Ga-C  =  2.034(2)  A.  The  geometry  and  ligand 
P^tpatJon  ^e  controlled  by  inter-ligand  interactions  for  both  compounds.  The  structure  of 
Ga(  Bu)3  as  determined  by  ab  initio  calculations  [MP2/6-31G(*)  levell  is  in  good  agreement 

efwm  ^  ffrac,tio"  structure.  A  comparison  of  the  ab  initio  calculated  structure  [MP2/6- 
31G(  )]  ofIn(tBu)3  with  the  structures  of  Al(tBu)3  and  GaCBu)3  suggests  the  formers  photo¬ 
chemistry  is  not  due  to  structural  factors.  timers  pnoio 
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with  H-dpam  results  in  the  complex  [H2-dpam][Me2GaCl2]  (40).  The  solid  state  structure  of  40 
dicates  the  presence  of  a  hydrogen  bonded  cation-anion  complex,  in  which  the  core  has  a 
twisted  eight-membered  ring  configuration.  The  versatility  of  amidines  as  both  chelating  and 
rhllS"8  lga  jds  td  gallium  is  discussed  with  respect  to  the  predominance  of  bridging  and 
tmPthv/8  m°dfS  of,coordlTnatlon  of  carboxylates  and  triazenides,  respectively.  Reaction  of  2- 
(  ylammo)pyndme  (H-map)  with  Ga(lBu)3  allows  for  the  isolation  of  (tBu)?Ga('maD’)  (41)  In 

HSJ-Sto  *!?  yield,  the  iiwSZe  W  * 

’  j  .  aCl(H  map)  (42)  and  Me2GaCl(H-map)  (43),  respectively  Reaction  nf 
compound  43  with  nPrNH2  does  not  result  in  the  deprotonation  of  Ac  Hgand but  ligand 
metathesis  and  the  formation  of  (lBu)2GaCl(NH2nPr)  (44)  P  8  a’  Dut  llgand 

acid  (3-BSSScolm^liSS.',  Pheny!Pho?Pt>onic  f  id  [PhP(0)(OH)2],  and  3-bromo-benzoio 
acia  p  «rL-6ht4C02H)  have  been  reacted  with  { 100}-GaAs  surface  which  have  been  nretreateH 

with  an  acid  etch  and  an  ammonium  sulfide  reactive  passivation  layer.  The  chemicallvreacted 

T  been  charactenzed  by  X-ray  photoelectron  spectroscopy  (XPS)  and  advancing 

*2°i  andhfadeucane-  As  Predicted  from  simple  model  § 
compounds,  l(  Bu)2Ga(p-X)]2,  the  thiol  and  phosphonic  acid  ligands  allow  for  uniform  surface 
layers,  while  the  carboxylic  acid  is  geometrically  unsuited  to  bidding  the  surface  of  (Sks 

Impact/Navy  Relevance 

ciiitohi  WeJ}ave  S.u^eessfully  demonstrated  that  a  molecular  model  approach  to  the  choice  of 
suitable  surface  binding  groups.  This  will  allow  for  the  passivation  and  chemical ^Station  of 
semiconductor  nano-particles  with  the  view  to  the  development  of  new 
control  of  solid  state  materials  structure  and  morphology  will  allow  for  greater  control  over 
properties  via  chemical  synthesis  rather  than  process  conditions. 

Technology  Transfer 

No  new  technology  transfer  is  ongoing. 
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